Cytochromes P450 can catalyze various oxidative metabolic reactions of endogenerous and exogenerous compounds in living organisms [1] [2] [3] [4] [5] [6] [7] [8] . NAD(P)H provides electrons to the diflavins of the reductase, followed by the transfer of electrons to the catalytic P450 heme domain through an intermolecular electron transfer, resulting in the generation of a reactive iron(IV)-oxo porphyrin p-radical cation species (Compound I, , catalyzing oxidation of various substrates with O 2 . Finally photoinduced electron-transfer catalysis of cobalt porphyrins is discussed for the photocatalytic water oxidation with persulfate.
INTRODUCTION
activation of water with one-electron oxidants that can oxidize (P)M III with H 2 O (Scheme 1) [12, 13] . In both cases, (P)M V (O) can oxidize substrates to produce the oxidized products, accompanied by regeneration of (P)M III , acting as catalysts for efficient oxidation of substrates [13] .
This minireview focuses on thermal and photoinduced electron transfer catalysis of high-valent metaloxo porphyrins which are produced either by reductive activation of O 2 with one-electron reductants or by oxidative activation of H 2 O with one-electron oxidants for the catalytic oxidation of various substrates.
PHOTOINDUCED ELECTRON-TRANSFER CATALYSIS OF P450 VIA REDUCTIVE ACTIVATION OF O 2
Cofactor-free in vivo photoreduction of P450s was achieved by using eosin Y [C 20 H 6 O 5 Br 4 Na 2 , 2,4,5,7-tetrabromofluorescein (EY)] as a photosensitizer that mediates direct electron transfer to the heme domain of P450 [14] . EY has frequently been used for various biomedical and diagnostic purposes [15] [16] [17] [18] . EY can transfer photoexcited electrons directly to the heme domain of P450 for the photoactivation of P450 catalytic cycle in Scheme 2 [14] . The reduced heme reacts with O 2 to produce the iron-oxo species, while the oxidized EY was reduced by sacrificial electron donors such as triethanolamine (TEOA). The iron-oxo species can oxidize various substrates for catalytic conversions of marketed drugs including simvastatin, lovastatin, 17b-estradiol, and omeprazole by different human P450s [14] . This whole-cell P450 system, in which photoexcited EY can reduce P450 heme domain directly without the need for a redox partner and a cofactor, provides a powerful and cost-effective tool for visible lightdriven P450-catalyzed reactions using an inexpensive photosensitizer and without the need for an expensive cofactor and a redox partner. The light-driven cytochrome P450 catalyzed monoxygenation was also made possible by using a soluble deazaflavin mediator [19] in combination with an inexpensive sacrificial electron donor (EDTA) as shown in Scheme 3 [20] . By using deazaflavins as electron mediators, instead of normal flavins, a lightdriven regeneration of flavin-dependent enzymes can also proceed efficiently under aerobic conditions [20] . Under aerobic conditions a pronounced reduction of the P450-BM3 heme domain is achieved only in the presence of deazaflavin [20] . In contrast to this, FAD as a mediator failed to yield notable reduction of the heme domain with additional NADP + or under positive control conditions (NADPH) [19] . This result suggests the superior electron mediator properties of deazaflavins compared to flavins of the isoalloxazine-type (FAD, FMN, riboflavin) under aerobic conditions [20] . The light-driven hydroxylation of lauric acid occurred by P450-BM3 with deazaflavin and NADP + with the same regioselectivity as the P450 catalyzed hydroxylation with NADPH [20] .
Hybrid P450 BM3 enzymes consisting of a Ru(II)-diimine photosensitizer covalently attached to non-native single cysteine residues of P450 BM3 heme domain mutants [21] . The hybrid enzymes (Ru-K97C-BM3 and Ru-Q397C-BM3) were assembled by covalently attaching the photosensitizer Ru(II)-diimine to non-native single cysteine residues of P450 BM3 heme domain mutants [21] . These enzymes are capable, upon light activation, of selectively hydroxylating lauric acid using a sacrificial electron donor, sodium diethyldithiocarbamate (DTC), with a TON number that is 40 times higher than the value of the wild type heme domain (BM3-WT) using the peroxide shunt (Scheme 4) [21] . The hybrid enzymes most likely utilize reactive oxygen species generated Scheme 3. Photocatalytic oxygenation of RH with P450 and a soluble deazaflavin mediator in combination with a sacrificial electron donor (EDTA) Scheme 4. Photocatalytic hydroxylation of lauric acid using a hybrid P450 BM3 enzyme with a Ru(II)-diimine photosensitizer and a sacrificial electron donor, sodium diethyldithiocarbamate (DTC) in situ under the photoreductive conditions to perform the hydroxylation reaction for more than two hours [21] . The family of hybrid enzymes by site directed mutagenesis has been prepared by modifying the nature of the Ru(II)-diimine photosensitizer, resulting in diverse catalytic activities in the hydroxylation of lauric acid upon light activation [22] [23] [24] . When 10-undecenoic acid was employed as a substrate, the hydroxylation with the hybrid enzyme using DTC occurs exclusively at the 9 position to yield the R enantiomer with 85% ee [25] . Oxidation of 10-undecenoic acid by the light-activated hybrid WT/L407C-Ru1 enzyme leads directly to a highly enantiomerically enriched monohydroxylated product, highlighting the advantages of biophotocatalysis over traditional methods.
Reductive activation of O 2 in a nonenzymatic system was reported for a diiron(III) complex and a ruthenium(II)-polypyridine-type complex, which acts as a photosensitizer, and triethylamine (TEA), which functions as a sacrificial electron donor [26] . HOTf as reported for acid-promoted oxidation reactions of a variety of substrates with high-valent metal-oxo complexes [31] [32] [33] [34] [35] [36] [37] 
ELECTRON-TRANSFER CATALYSIS OF MANGANESE PORPHYRINS BY OXIDATIVE ACTIVATION OF H 2 O
Various high-valent metal-oxo species can also be produced by oxidative activation of H 2 O in which the oxygen of the oxo group comes form H 2 O accompanied by twoelectron oxidation of the metal complexes [39] [40] [41] [42] [43] [44] [45] . 3+ to an MeCN solution of olefins (e.g., styrene and cyclohexene) containing water in the presence of a catalytic amount of (P)Mn III afforded epoxides, diols and aldehydes. Epoxides were converted to the corresponding diols by hydrolysis, and the diols were further oxidized to the corresponding aldehydes which are four-electron oxidized products of olefins [45] . Hydroxylation of alkanes (ethylbenzene) also occurs by the manganese porphyrin-catalyzed electron-transfer oxidation with [Ru(bpy) 3 ] 3+ to yield the corresponding alcohols [44] . The epoxidation of styrene and the hydroxylation of ethylbenzene with [Ru(bpy) 3 ] 3+ in the presence of 95% 18 O-water containing a catalytic amount of (P)Mn III afforded the corresponding epoxide and alcohol with 90% incorporation of 18 O in the oxygenated products [45] . Thus, the oxygen source in the oxygenated products in the manganese porphyrin-catalyzed electrontransfer oxygenation of substrates with [Ru(bpy) 3 + as compared with that of cyclohexene. In the case of TDCPP ligand, the oxygenation of cyclohexene and styrene is more reactive than TMP ligand because of the less steric effect of the TDCPP ligand as compared with the TMP ligand and high redox potentials [44] . s -1 and l is the reorganization energy of electron transfer [46, 47] .
The best-fit value of l in Fig. 1a as a one-electron oxidant. The photocatalytic hydroxylation of sodium 4-ethylbenzene sulfonate also occurs efficiently to yield the secondary alcohol [48] . The oxygenation of these substrates has been achieved by the oxidation with a high-valent manganese-oxo species, [(TMPS)Mn to reach 50%, which is the maximum quantum efficiency expected from the stoichiometry of the photocatalytic oxygenation, because two photons are required for the twoelectron oxidation of the substrate [48] . When DClO 4 (55 mM) was added to the (TMPS)Mn 
PHOTOCATALYTIC OXIDATION OF SUBSTRATES WITH METALLOPORPHYRINS

PHOTOCATALYTIC OXIDATION OF WATER WITH METALLOPORPHYRINS
High-valent metal-oxo complexes are known to be active species for four-electron oxidation of water to evolve O 2 including the oxygen evolving complex (OEC) in photosystem II (PSII) [53] [54] [55] [56] [57] [58] . Sakai [59] . When CoTPPS was replaced by a fluorinated CoFPS, TON was increased to 570 [60] . Cobalt porphyrins are also reported to act catalysts for electrochemical oxidation of water [61, 62] . On the other hand, the photocatalytic water oxidation to evolve O 2 was also reported to occur by photoirradiation (l > 420 nm) of an aqueous solution containing [Ru(bpy) 3 [63] . The particle sizes determined by DLS agreed with those of the secondary particles observed by TEM [63] . The XPS measurements of the formed particles suggest that the surface of the particles is covered with cobalt hydroxides, which could be converted to high-valent cobalt ions during the photocatalytic water oxidation [63] . There are many examples for metal complexes acting as only precatalysts, which are converted to actual catalysts that are metal nanoparticles during the water oxidation reaction [64] [65] [66] [67] [68] [69] [70] . In the case of CoFPS-catalyzed lightdriven water oxidation by persulfate, no nanoparticulate materials ware formed during the photocatalytic oxidation [60] . The kinetic study suggested that the rate- 3 ] 2+ to persulfate [60] . However, the formation of Co V (O)FPS has yet to be clarified.
CONCLUSION
High-valent metal-oxo porphyrins are produced by the reductive activation of O 2 with electron and proton source or by the oxidative activation of H 2 O with oxidants. The reductive activation of O 2 results in the catalytic oxidation of substrates by O 2 with reductants, via the formation of high-valent metal-oxo species as active oxidants. Relatively strong reductants required for the thermal reactions can be replaced by weak reductants for the photocatalytic reactions via photoinduced electron transfer from weak reductants to the photocatalyst. On the other hand, the oxidative activation of H 2 O results in the catalytic oxidation of substrates with oxidants and H 2 O as an oxygen source, also via the formation of high-valent metal-oxo species as active oxidants. In this case as well, relatively strong oxidants required for the thermal reactions can be replaced by weak oxidants for the photocatalytic reactions via photoinduced electron transfer from the photocatalyst to weak oxidants. Cofactor-free light-driven whole-cell cytochrome P450 catalysis has been achieved via reductive activation of O 2 . The alternative pathway of the oxidative activation of water for cofactor-free P450 photocatalysis has yet to be developed. It is hoped that the more efficient water oxidation catalysts will be developed by optimizing the oxidative activation of H 2 O.
